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1. Introduction

ABSTRACT

An experimental and numerical investigation of the chemiluminescence signals from OH*, CH*, and CO,*
is conducted for laminar premixed conical CHg/air flames diluted with CO, or N,. Experiments are con-
ducted either at fixed equivalence ratio or fixed adiabatic flame temperature. An ICCD camera, equipped
with different narrow bandpass filters, is used to record flame images at 307 nm (OH*), 430 nm (CH*),
and 455 nm (CO,*). A spectrometer is also used to correct the OH* and CH* emissions from the CO,*
broadband background emission. Measured chemiluminescence intensities are then compared to one di-
mensional freely-propagating-flame direct simulations accounting for the chemistry of the excited radi-
cals. Simulations predict accurately the OH* chemiluminescence intensity, independently of the diluent
nature and concentration. Correction for the CO,* background has a weak influence on the recorded OH*
signal. Predictions of CH* emissions are also in good agreement with experimental data if the CO,* back-
ground intensity is subtracted from intensity measurements. Measured and calculated CO,* emissions
lead to acceptable results using a simplified chemistry mechanism for CO,* and an heuristic model for
its emission intensity. Finally, it is shown that CO, dilution modifies chemiluminescence intensity couples
and particularly the OH*/CO,* intensity ratio. These ratios regularly decrease with CO, dilution, a feature
which is reproduced by the simulations. It is then shown that the ratio OH*/CO,* is well suited to infer
the CO, diluent concentration in diluted CH4/air flames, a method which appears not feasible for sensing
N, in Nj-diluted CHy/air flames.

their complex kinetics [12]. Simulations with simplified chemistry
mechanisms are however often used to interpret chemilumines-

In premixed hydrocarbon flames, the chemiluminescence from
OH* and CH* excited radicals is generally intense. These emis-
sions have thus been extensively used to infer properties of the
reacting flow such as the heat release rate [1-9] or equivalence
ratio [6,10-20], by examining the OH*/CH* intensity ratio. How-
ever, the OH* and CH* emission intensities need generally to be
carefully corrected for the broadband CO,* background emission
to achieve accurate measurements [6-8,18-22]. Additionally, most
of the detailed chemistry mechanisms currently used in numerical
simulations do not account for excited radicals chemistry due to
the additional computational cost associated to the description of
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cence measurements with crude approximations on the relation-
ship between non-excited species concentrations calculated by the
solver and the excited radical species emission intensities that are
measured. There is thus a gap between experiments and simula-
tions with only a limited number of validations of the approxima-
tions made.

In this context, efforts are made to understand and model
the complex chemistry of the formation and consumption of OH*
[24-28], CH* [25-27,29-31], and CO,* [1,21,22,32] excited radicals.
Comparisons between measurements and simulations in laminar
[11,16,33] and turbulent [18-20,34] flames show that the detailed
mechanisms developed for the chemistry of these excited radi-
cals yield good results for lean and rich CHy/air flames. In a re-
cent work, Garcia-Armingol and Ballester [19] analyzed numeri-
cally and experimentally the chemiluminescence of OH*, CH*, and
CO,* in premixed turbulent swirling flames of CH4/CO,/H,/CO/air
blends. They emphasized the large differences in the emission



spectra from these flames in comparison to CHy/air flames. They
conducted 1-D Freely-Propagating-Flame (FPF) simulations as well
as 0-D Perfectly-Stirred-Reactor (PSR) simulations to account for
the change of turbulent combustion regime and examined effects
of a large variety of mixtures and turbulent intensities. In this
latter study, differences between measurements and simulations
can be interpreted by either imprecisions in the selected detailed
chemistry mechanisms or the inadequacy of the models used.

Another issue with turbulent flames is that the instantaneous
flame surface area is generally not known. It is then difficult to
compare, quantitatively, the measured chemiluminescence inten-
sities to numerical results from 1-D FPF simulations, where the
chemiluminescence intensities are computed per unit of flame sur-
face area. This problem can however be circumvented by examin-
ing chemiluminescence intensity ratios between different couples
of excited radicals. This method allows removing the contribution
of the flame surface area [11,14,16,18-20]. In this case, species con-
centrations cannot however be compared directly.

For all these reasons, we decided to examine experimentally
and numerically the chemiluminescence of OH*, CH*, and CO,* ex-
cited radicals in lean diluted methane/air premixed conical lami-
nar flames, a configuration where the flame surface area is well
defined. With proper care, conical laminar flames are readily com-
parable to adiabatic 1-D FPF direct simulations. Nori and Seitzman
[35] studied effects of preheat temperature, pressure, and aerody-
namic strain on the CH* chemiluminescence to sense the equiv-
alence ratio of methane and Jet-A flames burning in air. In the
present study, focus is made on effects of CO, and N, dilutions
in CHy fuel blends on the chemiluminescence of premixed flames.

CO, and N, diluted methane fuel blends are relevant for com-
bustion applications powered by biogases, which are produced by
methanization [36]. Biogases are classified as low heat value fu-
els and are mainly composed of CH4, CO,, and N, in variable pro-
portions [37]. There is a growing interest for these renewable re-
sources [38,39], which has led to applied research programs for
adapting transport, heat, and power generation technologies to
these new fuels [40-45].

Analysis of the chemiluminescence properties of CH4/CO,/N,
fuel blends remain scarce. Garcia-Armingol and Ballester
[19] found that the increase in CO, content in CH4/CO, mix-
tures reduces the intensity level of the emission spectra in the
near UV and visible ranges, but it does not change the shape of
these spectra. They attributed this effect to the weak influence
of CO, on the chemistry of methane. Their simulations with an
extended version of the GRI 3.0 detailed chemistry mechanism
[46] reproduce well the evolution of the OH*/CH* ratio for mix-
tures with 25% and 50% (in volume) of CO, in CH4/CO, blends.
However, they did not consider emissions from CO,* and focused
their work on sensing the equivalence ratio. Hossain and Naka-
mura [9] studied numerically the influence of N, and CO, dilution
on CH* chemiluminescence intensity in laminar counterflow diffu-
sion flames. They reported a decrease of the CH* intensity when
increasing the diluent concentration, but numerical results were
not compared to experiments. The OH* and CO,* excited radicals
were not examined in their study.

The present study has two main objectives. First, it is intended
to determine the accuracy of a simplified chemistry mechanism
yielding the OH*, CH*, and CO,* chemiluminescence intensities for
CO,- and Ny-diluted lean CHg/air flames. The second objective is
to examine the evolution of the OH*, CH*, and CO,* chemilumines-
cence intensities when CO, or N, diluent concentrations are varied
in the fuel blend and investigate if the diluent concentration may
be inferred from these data.

Methods including experimental setup, diagnostics, and numer-
ical models are described in Section 2. Flame images are presented
in Section 3.1 together with the way they are post-processed for
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Fig. 1. Schematic of the burner with an example of flame image of a CH,/air mix-
ture injected at ¢ = 0.85, U =57.9 cm.s™!, and P = 600 W.

the comparisons with numerical simulations. Results for experi-
ments and simulations conducted at a fixed equivalence ratio are
then presented. The influence of the CO,* background emission
overlapping the OH* and CH* emission bands is characterized in
Section 3.2. Effects of CO, and N, dilution on CO,* emissions are
investigated in Section 3.3 and OH* and CH* emissions are exam-
ined in Section 3.4. These data are used to examine the evolution
of intensity ratios in Section 3.5. All the analysis is finally briefly
re-conducted for flames diluted at a fixed adiabatic flame temper-
ature in Section 3.6.

2. Methods
2.1. Experimental setup

The experimental setup shown in Fig. 1 comprises an axisym-
metric burner fed by mixtures of methane (CH4), carbon diox-
ide (CO,), and air. Alternatively, CO, can be replaced by nitrogen
(N;). The mixture enters the burner through a plenum and sub-
sequently passes through a set of grid/honeycomb/grid before en-
tering an injection nozzle with a cross-section contraction ratio of
8.7 and a 22 mm nozzle outlet diameter. This system yields a top
hat velocity profile at the burner outlet with a reduced boundary
layer thickness (~1 mm) that allows to stabilize laminar uncon-
fined conical flames. The choice of a rather large exit diameter of
22 mm allows to minimize the influence of heat losses from the
base of the flame to the burner rim and reduces effects of aerody-
namic strain and flame curvature [47]. Conical flames with a nearly
planar front over a large fraction of the flame surface can be sta-
bilized. One example is shown in Fig. 1. Therefore, suitable condi-
tions for comparisons with 1-D FPF direct simulations are repro-
duced.

The CO, dilution in the combustible mixture is expressed by
the mole fraction of CO, in the CH4/CO, blend and ranges here
from XEquZI =0 to 0.40. When N, is used instead of CO, to dilute
the flame, the diluent mixture fraction is varied between 0 < X{\‘I‘;‘
< 0.55. These values do not account for the N, naturally present
in air. The mass flow rates of the different gases injected are reg-
ulated by thermal mass flow controllers (Bronkhorst, F-series). The
mixture composition and bulk flow velocity U at the burner outlet
are known with a relative accuracy better than 3%. Experiments
are conducted at a fixed thermal power P = 600 W for gas injec-
tion at room temperature Ty =300 K and atmospheric pressure
po =1 atm. In a first set of experiments, flames are diluted by



Table 1

Ranges of operating conditions explored for dilution at a fixed equivalence ratio ¢ = 0.85 and thermal power P = 600 W, where
U stands for the bulk flow velocity and T,y for the adiabatic flame temperature.

Xfuel 0 005 010 015 020 025 030 035 040 045 050 055

N, Ta(K) 2071 2065 2059 2052 2045 2036 2026 2015 2002 1987 1969  x
U(ems') 579 581 584 587 591 595 599 604 6l 617 626  x

€0,  Ta(K) 2071 2061 2051 2040 2027 2013 1997 1979  x x x x
U(ems') 579 581 584 587 591 595 599 604  x x x x

Table 2

Ranges of operating conditions explored for dilution at a fixed adiabatic flame temperature T,y = 2071 K and thermal power P = 600 W.

X{j‘;ﬁ}em 0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
N, ¢ 0850 0.854 0.859 0864 0870 0.876 0.884 0893 0904 0918 0935 0.957
U (cms!) 579 57.9 579 57.9 579 579 579 579 579 57.8 57.8 57.7
co, ¢ 0850 0857 0.865 0.874 0.884 0.896 0911 0.928  0.950 X X X
U (cms ') 579 57.7 57.5 573 57.0 56.7 56.4 56.0 55.4 X x x

keeping the equivalence ratio constant at ¢ = 0.85 and increasing
progressively the mole fraction of the diluent Xg;ﬁ{e ¢ in the fuel
mixture (Table 1). Another set of experiments is conducted by fix-
ing the adiabatic flame temperature to T,; = 2071 K and increas-
ing Xfuel (Table 2). In this case, the equivalence ratio ¢ is ad-
justed between the different cases explored. Therefore, the adia-
batic flame temperatures T,4 [48] are first calculated for mixtures
with both diluents, dilution ratios of the fuel blend 0 < Xfel <
0.55, and equivalence ratios 0.5 < ¢ < 0.96 to build a database.
A lookup table is then used to match the equivalence ratio ¢
and operate the burner at the correct adiabatic flame temperature
T,q = 2071 K for all cases explored in Table 2. The cross symbols in

Tables 1 and 2 designate conditions leading to blow-off.

2.2. Diagnostics

The flame chemiluminescence is investigated with two diag-
nostics. The first one is a 1024x1024-pixels ICCD camera (Prince-
ton instruments, PI-Max 3) equipped with a UV lens (UV-NIKKOR,
105 mm, f/4.5) and different interferometric filters. A set of three
10 nm bandpass filters is used to collect the chemiluminescence
signal from excited OH*, CH*, and CO,* radicals, respectively cen-
tered at 307 nm (CVI, F10-307.1-4-50.0M), 430 nm (CVI, F10-430.0-
4-50.0M), and 455 nm (Optoprim, 455BP10). Mean images are ob-
tained by averaging 350 individual images, each with an exposure
time of 3 ms. The total integration time is therefore 1.05 s. The
signal-to-noise ratio (SNR) in these experiments is always higher
than SNR = 26.

The second optical system is a low resolution inboard spec-
trometer (Ocean Optics, PC2000+UV-vis), coupled with a UV ca-
pable fiber optic, that records the broadband flame emission spec-
trum in the near-UV and visible ranges. The spectral resolution of
this device, which is determined as the full width at half maxi-
mum (FWHM) of a He:Ne laser line at 632 nm, is 2.4 nm. Spec-
tra presented in this study are not calibrated in relative intensities.
Therefore, comparisons between OH*, CH*, and CO,* absolute in-
tensities are not possible. The exposure time is here set to 9 s and
the spectrometer collects light over the whole flame region. The
minimum SNR at 307 nm, 430 nm, and 455 nm are respectively
SNR307 =25, SNR430 =17, and SNR455 =38.

2.3. Numerical model

In addition to experiments, direct simulations of 1-D FPF are
conducted with an internally developed solver [48] for the oper-
ating conditions shown in Tables 1 and 2. For this purpose, the
detailed chemistry mechanism due to Lindstedt [49], without ac-
counting for the NOx chemistry, is extended by including reactions

for the production and consumption of OH* [26] (9 reactions), CH*
[26] (10 reactions), and CO,* [22] (14 reactions) excited radicals.
This extended mechanism includes 32 species and 174 reactions
and can be found as supplementary electronic material. The sub-
mechanism for OH* includes 1 production (CH + O, = OH* + CO)
and 8 consumption reactions, that are divided into 1 chemilu-
minescence and 7 quenching reactions. The reader is referred to
[26] for more details. The excited radical CH* is produced via two
main reactions [26]: C;H+ O = CH*+ CO and C,H + 0, = CH* +
CO,. Panoutsos et al. [16] made comparisons of simulations with
the GRI 3.0 [46] and Lindstedt [49] chemistry mechanisms asso-
ciated with a range of excited radical sub-mechanisms and found
that the use of the Lindstedt mechanism coupled with the OH*
and CH* mechanisms described in [26] yields the best results for
lean CHy/air flames. These mechanisms are selected here as well
to investigate the chemiluminescence of OH* and CH* in diluted
CHy/air flames.

Two different models are used to simulate the chemistry of
CO,*. The first model, designated as detailed model in the follow-
ing, includes 4 main production reactions [22]:

CO+0 (+M) = CO; (+M) (1)
HCO +0 = CO5 +H (2)
H+H + CO; = CO; + H, (3)
CH; + 0;+ =CO5+H+H (4)

where M designates a third body partner. Kopp et al. [22] also
introduced an additional CO,* production reaction: CH3CHCO +
OH = CO3 + CyHs. This reaction cannot be included in our ex-
tended version of the Lindstedt mechanism because this mecha-
nism does not account for CH3CHCO. However, the sensitivity anal-
ysis presented in [22] shows that this reaction has only a weak
influence in the predicted CO,* mole fraction.

The second model designated here as simplified model uses
a different method to simulate the CO,* emission. Studies from
Baulch et al. [32] and Kopp et al. [22] indicate that CO,* is mainly
produced through Eq. (1): CO 4+ O(+M) = CO3(+M). Consequently,
the CO,* chemiluminescence intensity Ico, can be expressed as
[21]:

leo, = I8, [€O][O] (5)

where [CO] and [O] stand for the concentrations of CO and O re-
spectively and the rate Igoz is a function of temperature, 1802 =

2.5 x 10%exp[—1600/T] [21]. A similar expression is used in [50],



Table 3

Reactions yielding the chemiluminescence of OH*, CH*, and
CO,*. The reaction rate is k = AT#exp(—E/RT). Units are cal, cm,
mole, s, and K. h stands for the Planck constant and v corre-
sponds to light frequency.

Chemiluminescence reaction A B E
OH* [26] OH* — OH + hv 145E+06 0 O
CH* [26] CH* — CH+ hv 1.85E+06 0 O
COy* [22]  CO; — CO3 + hv 140E406 0 O
CO,* [21] CO+0—CO;+hv  250E+06 0 3180

but the activation energy E and the pre-exponential factor A take
different values to fit their measurements for atmospheric syn-
gas/air and methane/air flames.

Table 3 summarizes the reactions yielding the chemilumines-
cence of OH*, CH*, and CO,*. The light emission intensity is ex-
pressed here by the product of the Planck constant h and the
emission frequency v. Row 3 in this table corresponds to the de-
tailed model for the calculation of CO,* emission. Row 4 indicates
how this emission is calculated with the simplified CO,* model
Eq. (5) without accounting for the detailed chemistry of CO,*. This
model reduces the cost of simulations. The three first rows in
Table 3 indicate that the OH*, CH*, and CO,* chemiluminescence
intensities are directly proportional to the OH*, CH* and CO,*
mole fractions. This is attributed to the fact that the correspond-
ing reaction rates k do not depend on temperature (8 =E = 0).
The chemiluminescence intensity of these radicals is then calcu-
lated as the product of this excited radical mole fraction times the
pre-exponential factor A.

3. Results and discussion
3.1. Analysis of flame images

It is worth starting the analysis by examining flame images ob-
tained with the setup described in Section 2. Figure 2 shows mean

images in false colors obtained with the ICCD camera equipped
with the CVI F10-307.1-4-50.0M bandpass filter centered at 307 nm

for increasing concentrations of CO, in the fuel blend ranging
from Xguoezl =0 to 0.35. The equivalence ratio is kept constant to
¢ = 0.85. Because experiments are carried out at a fixed ther-
mal power P =600 W, the injection bulk flow velocity increases
from U =579 cm-s~' at X[l —0 to U =60.4cm s~ at XfCngl =
0.35 (see Table 1). The flame length measured along the burner
axis increases from L =19.3mm at Xfcuoezl =0 to L=304mm at
X%ezl =0.35. Images in this figure are all normalized by the maxi-
mum pixel value reached for the undiluted case shown on the left.
The maximum OH* chemiluminescence intensity recorded thus de-
creases for increasing CO, concentrations. Experiments with N, as
a diluent, not shown here, exhibit similar trends. Dilution with CO,
or N, is known to alter flame chemistry [50,51] and laminar burn-
ing velocity S; [47,52,53]. Flame lengthening is associated here to
a decrease of the laminar burning velocity.

For each image in Fig. 2, the luminosity along the flame front
remains roughly constant except close to the flame tip where it
decreases abruptly. The region close to the tip appears less intense
than the flame base. In this region, the flame has a high curvature
leading to a modified balance between species and heat diffusion
and a modified laminar burning velocity [54]. Here, however, the
weaker luminosity is mainly attributed to small vertical oscillations
of the flame tip position with time due to a buoyancy instability
in the burnt gases that surround the flame [55,56]. The region at
the flame tip appears thus artificially broadened in the long ex-
posure time images and consequently features on average a lower
local signal intensity. This effect limited to a narrow region over a
small fraction of the flame surface area barely changes the global
chemiluminescence signal intensity integrated over time and over
the whole flame region.

Figure 3 shows CO,-diluted flame images when the adiabatic
flame temperature is kept constant at T,y = 2071 K and the equiva-
lence ratio is modified. Here again, the flame height increases with
larger diluent concentrations and reaches L = 19.3 mm at Xéuoezl =0

and L = 23.7mm at XE”OEZI = 0.35. Dilution has however a weaker in-

fluence on the flame height than experiments conducted at a con-
stant equivalence ratio shown in Fig. 2. This is attributed to the
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Fig. 2. Mean chemiluminescence images of CH4/CO,/air flames with P =600 W, ¢ = 0.85, and varying CO, mole fractions in the combustible mixture (see Table (1)). The
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Fig. 3. Mean chemiluminescence images of CH,/CO,/air flames with P = 600 W, T,; = 2071 K, and varying CO, mole fractions in the combustible mixture (see Table (2)).

The ICCD camera is equipped with a 10 nm bandpass filter centered at 307 nm.
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chemiluminescence images obtained with the bandpass filter centered at 307 nm
for P =600 W, ¢ = 0.85, and XE‘&' =0.15.
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Fig. 5. Computed OH*, schlieren intensity ((1/T2)(dT/dx)), and temperature T pro-
files for a flame at P =600 W, ¢ = 0.85, and Xf¢! = 0.15.

increase of equivalence ratio (see Table 2) that enhances the lam-
inar burning velocity S; and compensates effects of dilution to a
certain extent. The same remark can be made for the OH* chemi-
luminescence intensity. The OH* reduction observed in Fig. 3 when
the diluent concentration increases is weaker than in Fig. 2. Results
for chemiluminescence intensities are compared on a more quan-
titative basis in the following sections.

To allow comparisons with 1-D direct simulations, experimen-
tal data need to be rescaled by the flame surface area, which can
be obtained by post-processing the mean chemiluminescence im-
ages presented in Figs. 2 and 3. For each operating condition in-
vestigated, an Abel transformation is first applied on the raw im-
ages recorded by the ICCD camera equipped with the CVI F10-
307.1-4-50.0M bandpass filter to determine the OH* chemilumi-
nescence signal originating from a central vertical plane passing
through the burner axis (Fig. 4 left and middle). A 10x10-pixels
median filter is then applied on the resulting images to reduce the
noise produced by the Abel transformation (Fig. 4 right). A home-
made Matlab® routine then computes the flame surface area from
the filtered images. In this study, the OH* signal is used to delin-
eate the flame front position, which is identified as the position of
maximum OH* chemiluminescence intensity. The OH* signal takes
its highest values in the hottest regions of the flame and is offset
with respect to the beginning of the preheated region usually used
to define the flame surface area [16]. For laminar burning veloc-
ity measurements, the schlieren or shadowgraphy techniques are
therefore often preferred to infer precisely the flame front position
[47,52,57]. Figure 5 shows the computed normalized OH* chemi-
luminescence intensity and the temperature profile for a flame at
P=600W, ¢ =0.85, and Xg‘gzl = 0.15 calculated with the code de-
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Fig. 6. Measured flame surface area for CHy/air flames diluted with CO, (top) or N,
(bottom). Results are presented for dilutions at a fixed equivalence ratio ¢ = 0.85
(black) or adiabatic flame temperature T,y = 2071 K (red). The flame front tracer is
the maximum OH* chemiluminescence intensity (square symbols) or the simulated
maximum schlieren intensity (circle symbols). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this arti-
cle.)

scribed in Section 2.3. A synthetic schlieren signal profile, defined
as (1/T2)(8T/dx) [58] with T and x being the temperature and the
progress along a coordinate normal to the flame front, is also plot-
ted. The origin x = 0 in this figure corresponds to the beginning of
the preheat zone. The maximum schlieren intensity lies at a posi-
tion x = 0.18 mm located 0.45 mm upstream the OH* peak inten-
sity detected at x = 0.63 mm. Simulations show that the distance
between the schlieren and OH* peaks is always comprised between
0.41 mm and 0.54 mm for the operating conditions investigated in
Tables 1 and 2.

Figure 6 shows the measured flame surface area (square sym-
bols) deduced from the OH* signals as a function of the diluent
concentration with CO, (top) or N, (bottom) for experiments con-
ducted at a fixed equivalence ratio (black) and at a fixed adiabatic
flame temperature (red). Knowing the distance d = 0.48 +£ 0.6 mm
between the OH* peak intensity and schlieren front allows to plot
a corrected flame surface area (circle symbols) that would be mea-
sured by a schlieren technique. Comparison between these two
quantities shows that calculations with the OH* tracer overesti-
mates the flame surface area by about 9 + 1% on average com-
pared to that deduced with a synthetic schlieren signal. This dif-
ference remains roughly constant and corresponds to a constant
offset for all cases explored. In what follows, all chemilumines-
cence intensities are normalized by the peak value obtained for
the undiluted reference case XMl =0 at ¢ =0.85. Due to the
roughly constant offset between the flame surface areas deduced
from the OH* and the synthetic schlieren signals, the OH* signal
can, in this study, safely be used to determine the flame surface ar-
eas needed to normalize the chemiluminescence data. This proce-
dure is applied to compare results from 1-D FPF simulations with
experiments.
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3.2. Effects of CO,* emission background

We now aim at determining effects of CO,* on flame emission
spectra between 200 and 500 nm. Figure 7 shows a spontaneous
emission spectrum for a CH,/CO,/air flame at ¢ = 0.85 and XE“oezl =
0.15. The spectrum exhibits two narrow peaks around 309 nm and
432 nm that are characteristics of OH* and CH* chemilumines-
cence emissions [14]. One also identifies the broadband continuous
light emission from CO,* [21], that has been fitted here by the red
dashed line between 270 and 460 nm. Figure 7 shows that plac-
ing the CVI F10-307.1-4-50.0M narrow bandpass filter centered at
307 nm in front of the ICCD camera does not allow to only se-
lect the OH* emission because the CO,* background emission has
already a sizable contribution at these wavelengths. This problem
was already reported in [7,8,18,19]. The same phenomenon is ob-
served at 430 nm for the CH* excited radical with a larger contri-
bution from the CO,* background emission intensity to the light
recorded by the spectrometer. Figure 7 also shows that a bandpass
filter centered at 455 nm allows to select only the chemilumines-
cence from excited CO,* radicals.

It is worth examining the contribution of the CO,* inten-
sity background to OH* and CH* chemiluminescence intensities in
more details. Figure 8 plots the OH* intensity, Ioy+, recorded in
the range [278-336nm]. This wide spectral width takes most of
the OH* emission bands into account as shown in Fig. 7. Results

in Fig. 8 are normalized by the total chemiluminescence intensity
emitted by both OH* and CO,* excited radicals, Ioy- + Icoy. over
the same spectral range. Results are presented as a function of the
diluent mole fraction in the fuel for ¢ = 0.85. The OH* intensity
Ioy+ is computed as follows:

336
low: = / [S() — B(.)]dA (6)
278

where A is the wavelength, S stands for the spectrometer measured
intensity (black solid line), and B represents the fitted CO,* chemi-
luminescence intensity (red dashed line) Ico§3

336
leo; = f B(%) dA (7)
278

For N,-diluted flames, Fig. 8 shows that the OH* chemilumines-
cence intensity corresponds roughly to 60% of the total chemilu-
minescence intensity detected in the spectral range [278-336 nm]
that includes both the OH* and CO,* contributions. Increasing N,
dilution has only a weak influence on the fraction of light emit-
ted by OH* but the CO,* background intensity cannot be ne-
glected. For CO,-diluted flames, the contribution of the CO,* back-
ground intensity increases with the CO, concentration and leads
to a drop of Ioy~ with respect to oy + Ico,, in Fig. 8. The ratio
Ico,«/ Uon + Ico,») reaches 46% at Xg‘gzl = 0.35. For large CO, dilu-
tion concentrations X! > 0.40, which could not be explored in

these experiments due to blow-off issues, the CO,* chemilumines-
cence intensity might exceed the OH* chemiluminescence intensity
over the range [278-336nm]. These conditions would correspond
to a weak OH* emission peak around 307 nm flooded within a
continuous CO,* background emission. In this case, narrow band-
pass filters (FWHM < 10nm) centered around the wavelength of
maximum OH* emission must be preferred. To illustrate it, the
chemiluminescence intensity recorded with the CVI F10-307.1-4-
50.0M bandpass filter allows to collect more than 77% of the light
intensity originating from OH* radicals even at large CO, concen-
trations ngzl = 0.35. This large value also proves that it is not nec-
essary to correct the OH* images collected with the F10-307.1-4-
50.0M filter that are used to determine the flame surface area.
It should also be noted that the values plotted in Fig. 8 cannot
be used to correct OH* images because the range of wavelengths
used for computations does not match the transmission band of
the F10-307.1-4-50.0M filter.

The same analysis is now carried in Fig. 8 for the CH* spon-
taneous emission band around 430 nm integrated over a 33 nm
spectral bandwidth. The CH* chemiluminescence intensity Icy-, de-
tectable in the range [416-449 nm]|, is computed as follows:

449
e = / [S() — B()] dA (8)
416

where Icos is now:

449
leo; = / B(W) dA 9)
416

Independently of the diluent nature and its concentration in the
mixture, around 80% of the signal intensity detected in the spectral
range [416-449 nm] originates from CO,* and not from CH*. A nar-
row bandpass filter centered around the CH* maximum emission
peak near 430 nm, like the CVI F10-430.0-4-50.0M filter with a
FWHM =~ 10 nm used in this study, allows to reduce the contribu-
tion of CO,* intensity to less than 65%. In any cases, it is necessary
to correct for the CO,* intensity background if the CH* intensity
needs to be analyzed precisely. This is illustrated in Fig. 9.

Figure 9 left shows an Abel inverted image of the light recorded
with the ICCD camera equipped with the CVI F10-430.0-4-50.0M
bandpass filter centered at 430 nm for a CO,-diluted flame at
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Fig. 9. Left: Abel transformed image of the light detected by the ICCD camera
equipped with the CVI F10-430.0-4-50.0M bandpass filter centered at 430 nm for a
flame at P = 600 W, ¢ = 0.85, and X{¥5! = 0.15. Only the region near the flame base
is presented. Right: Post-processed image obtained after subtraction of the CO,* in-
tensity background.

P=600W, ¢ =0.85, and Xé‘&' = 0.15. Only the region close to the
flame base is shown in this figure. This image features a relatively
broad region with high pixel values revealing light emission over a
region extending over more than 1 mm. This is attributed to the
emission of CO,* because the CH* radical cannot be present so
far downstream in the burnt gases for these operating conditions
[11,16,33,34]. The same setup was used but with the ICCD camera
equipped with the Optoprim 455BP10 bandpass filter centered at
455 nm, ie. close to the CH* emission range, to record only the
CO,* emission intensity. This image is then used to remove the
CO,* contribution from the image shown in Fig. 9 left [7,8]. This
is suitable because the CO,* emission spectrum remains roughly
flat in the range [420-460 nm] (Fig. 7). The result of this correction
is presented in Fig. 9 right. This new image shows a narrow region
with high pixel values well delineating the reaction layer and there
is no significant signal few tens of millimeters downstream the re-
action zone. The signal shown in this image can now be attributed
to the CH* emission only.

3.3. Effects of CO, and N, dilution on CO5*

Focus is now made on the influence of CO, and N, dilution
on the chemiluminescence of CO,*. The flame surface areas plot-
ted in Fig. 6 are used to normalize the chemiluminescence intensi-
ties measured with the ICCD camera equipped with the Optoprim
455BP10 bandpass filter centered at 455 nm. The CO,* signal mea-
sured by the spectrometer over the same spectral bandwidth as

the Optoprim 455BP10 filter is also corrected by the flame surface
area to yield Ico; = Jasd S(A)dA.

It is first worth examining the evolution of the light intensity in
the normal direction to the flame front. Figure 10 shows the nor-
malized profiles of the measured CO,* chemiluminescence inten-
sity (black solid line) as a function of the distance xto the flame
front for CO,-diluted flames at P=600W and ¢ = 0.85. Results
are presented for different diluent concentrations ngz‘ =0, 0.25,

and 0.35. The location of the maximum CO,* peak intensity is used
here to define the origin of the normal axis x = 0. Negative values
x < 0 correspond to the reactant side. These profiles are probed at
a height of 4 mm above the burner lip to minimize both the in-
fluence of heat losses to the burner and oscillations of the flame
tip position. Starting from the fresh reactants (x < 0), one can no-
tice a very sharp increase of the CO,* chemiluminescence intensity
near x ~ 0. The CO,* chemiluminescence intensity then slowly de-
creases in the post-flame region (x > 0) and vanishes for x > 3 mm
for all diluent concentrations explored. Away from the flame tip
and flame base, these features are found to be independent of the
height above which the experimental profiles are sampled.

The blue dashed lines in Fig. 10 show results for the normalized
CO,* intensity profiles calculated with the simplified CO,* chemi-
luminescence model based on O and CO mole fractions (Table 3,
row 4). The location of the CO,* peak intensity is used to rescale
simulations with experiments at x = 0. The measured and the cal-
culated CO,* profiles match well for the three dilutions explored.
This simplified CO,* chemiluminescence model is able to accu-
rately reproduce the rate of consumption of CO,* in the post-flame
region due to both chemiluminescence and quenching reactions.
The red dashed lines in Fig. 10 show the computed normalized
CO,* chemiluminescence intensity profiles calculated with the de-
tailed chemistry mechanism (Table 3, row 3). This model largely
overestimates the consumption rate of CO,* in the post flame re-
gion and consequently fails to capture the CO,* chemilumines-
cence intensity in this region. This remains true over the whole
range of dilution ratios examined. At this stage, there is no inter-
pretation for the behavior of the detailed mechanism that fails to
capture the CO,* emission in the burnt gases. The simplified model
based on O and CO mole fractions (Table 3, row 4) yields better
predictions of CO,* relative concentrations.

Signals integrated over the whole flame region and normalized
by the flame surface area are now examined. Figure 11 top plots
the measured CO,* chemiluminescence intensity as a function of
the CO, mole fraction in the fuel when the equivalence ratio is
kept constant and equal to ¢ = 0.85. Results are normalized by
the value obtained for the undiluted flame when XE“oezl = 0. Hollow
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Fig. 10. Normalized profiles of the measured (black solid line) and computed (blue and red dashed lines) CO,* chemiluminescence intensity as a function of the distance to
the flame front x for flames at P = 600 W and ¢ = 0.85. Negative and positive values of x correspond to the reactant and burnt gases sides, respectively. Results are presented
for three flames featuring different dilution ratios X¢! = 0 (left), 0.15 (middle), and 0.35 (right). (For interpretation of the references to color in this figure legend, the reader
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is referred to the web version of this article.)
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Fig. 11. Measured (symbols) and computed (lines) of CO,* chemiluminescence in-
tensity as a function of the diluent mole fraction in the combustible mixture. Dilu-
ent is CO, (top) or N, (bottom).

triangle symbols stand for the chemiluminescence intensity mea-
sured by the ICCD camera equipped with the 10 nm Optoprim
455BP10 bandpass filter centered at 455 nm and averaged over
the whole flame region. These data are compared with the CO,*
emission intensities recorded by the spectrometer (black triangle
symbols) and integrated over the spectral range [450-460 nm]. Ex-
periments with the ICCD camera and the spectrometer yield re-
sults that collapse on the same curve up to ngzl =0.35. It was
also checked that the CO,* chemiluminescence intensities calcu-
lated with the spectrometer data integrated over different spectral
ranges produce similar results (see supplementary electronic ma-
terial). The spectral distribution of the broadband CO,* chemilu-
minescence intensity remains unchanged within the range of op-
erating conditions covered in Tables 1 and 2.

In Fig. 11 and the consecutive figures, error bars are presented
for the chemiluminescence intensities recorded with the spec-
trometer and corrected for the broadband CO,* background emis-
sion (filled symbols). Values for the chemiluminescence intensi-
ties are obtained through the post-processing steps described in
Sections 3.1 and 3.2 and are therefore sensitive to a number of
input parameters such as the order of the polynomial for the fit-
ted CO,* background intensity, the size of the median filter for the
determination of the flame surface area, and the wavelength range
chosen for integration of the emission spectra. The magnitude of
error bars is therefore determined by assessing the sensitivity of
the chemiluminescence intensity to these various input parameters
whose most appropriate values are, a priori, not known. Through
the paper, variations of measured OH*, CH*, and CO,* chemilu-
minescence intensities as a function of the diluent concentration
and diluent nature are considered meaningful if they exceed ex-
perimental uncertainties, represented by these error bars.

Figure 11 top shows that dilution with CO, leads to a smooth
decrease of the measured CO,* intensity. This signal drops by 40%
when the mole fraction of CO, in the fuel reaches ngoezl =0.35.

Figure 11 bottom shows that experiments made with the ICCD
camera and the spectrometer for N,-diluted CHy/air flames again
lead to the same results up to Xfl\‘fzel = 0.50. The CO,* emission in-
tensity also decreases for increasing N, concentrations in the fuel
blend. For the same equivalence ratio ¢ = 0.85, the CO,* inten-
sity decays more slowly for N,-diluted fuel blends than with CO,
dilution. The CO,* intensity drops by 40% drop for Xf}f;l =0.45 ap-
proximately.

The evolution of the CO,* intensity, integrated in the normal
direction and rescaled for a 1 m? flame surface area, calculated by
the numerical solver and the CO,* detailed mechanism (Table 3,
row 3) is plotted in Fig. 11 top as a function of the CO, dilu-
ent mole fraction (gray solid line). These simulations also repro-
duce the decay of the CO,* chemiluminescence intensity as dilu-
tion increases. However, they underestimate the rate of decay of
the CO,* chemiluminescence intensity by approximately 30%. An-
other attempt was made by plotting as dashed gray lines the evo-
lution of the calculated peak CO,* intensity reached in each flame.
Agreement between experiments and simulations slightly improves
for the CO,-diluted flames investigated. Results with the simplified
CO,* model synthesized in Table 3, row 4 are plotted as the solid
black curve in Fig. 11 top when the numerical signal is integrated
along the normal to the flame front. Agreement between experi-
ments and simulations is acceptable, with relative differences lim-
ited to 7%. Results with the simplified CO,* model are in better
agreement with measurements than those found with the detailed
mechanism for CO,*. Calculations of CO,* chemiluminescence in-
tensities using the values for the activation energy E and the pre-
exponential factor A from [50] were also carried out and they yield
similar results. They are not reproduced here.

When CO, is replaced by N, Fig. 11 bottom shows that the sim-
plified CO,* model yields an accurate prediction of the measured
evolution of the CO,* chemiluminescence intensity, while the de-
tailed model for CO,* fails to predict accurately the drop of CO,*,
independently of the way calculations are post-processed. These
tests confirm that the CO,* intensity can be simulated adequately
for N,- and CO,-diluted CH4 fuel blends provided that the simpli-
fied CO,* in Table 3 row 4 is used. All the simulations are thus
conducted with this model in the remaining parts of this study.

3.4. Effects of CO, and N, dilution on OH* and CH*

Effects of dilution on the OH* and CH* emissions are now ex-
amined. Results for the CO,* excited radical are repeated for com-
parison purposes. Figure 12 top shows the measured CO,* (black
triangles), OH* (blue circles), and CH* (red squares) intensities as
a function of the CO, mole fraction in the fuel for lean flames at
a fixed equivalence ratio ¢ = 0.85. Results are again normalized by
the value obtained for the undiluted flame. Hollow and solid sym-
bols stand for the chemiluminescence intensities measured with
the ICCD camera and the spectrometer, respectively. The OH* and
CH* intensity levels measured with the ICCD camera are not cor-
rected for the CO,* intensity background in this figure. However,
the intensities deduced from spectrometer measurements are cor-
rected for the CO,* intensity background. This figure shows that
the emission intensity from these three excited radicals regularly
decreases when the CO, concentration in the fuel increases. The

OH* chemiluminescence intensity drops by 57% when XEL‘Oel =0.35.
2

It is known that increasing the CO, concentration in the com-
bustible mixture reduces the concentration of CH in the flames
[59]. The production of OH* is then penalized because this ex-
cited radical is mainly produced through the formation reaction:
CH + O, = OH* + CO [16,23]. Results for OH* obtained by subtract-
ing the CO,* background (blue disks) are on average only 4% lower
than the measured OH* intensities without correction (blue circles)
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Fig. 12. Measured (symbols) and computed (lines) normalized spontaneous emis-
sion intensities of OH* (blue), CH* (red), and CO,* (black) as a function of the dilu-
ent mole fraction in the combustible mixture. Hollow and solid symbols stand for
ICCD camera and spectrometer measurements, respectively. Experiments are real-
ized at a fixed equivalence ratio ¢ = 0.85. Diluent is CO, (top) or N, (bottom). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

in Fig. 12 top. As already indicated in the previous section, correc-
tion for the CO,* background intensity has only a weak influence
in the spectral bandwidth of OH* spontaneous emission.

Conversely, correction for the CO,* background has a large
influence on the measured CH* emission levels, as shown in
Fig. 12 top where data deduced from the spectrometer (filled
red squares) lie below those obtained with the ICCD camera (red
squares) equipped with the CVI F10-430.0-4-50.0M bandpass filter
centered at 430 nm. This is in agreement with results presented in
Fig. 8 where the majority of the signal detected by the ICCD cam-
era around 430 nm comes from CO,* emission. Removing the CO,*
background intensity reduces the measured CH* emission level by
10% on average. It is however worth noting that the subtraction
of the CO,* background intensity leads to larger error bars for the
deduced CH* intensity levels in Fig. 12 top.

Data for lean N,-diluted flames at ¢ = 0.85 are presented in
Fig. 12 bottom. The OH*, CH*, and CO,* measured intensities col-
lapse here on the same curve. The intensity of these excited rad-
icals regularly decreases for increasing N, mole fractions in the
fuel. A similar effect of N, dilution was reported in [9] for the
CH* chemiluminescence intensity. The OH*, CH*, and CO,* emis-
sion levels drop by approximately 30% and 50% when Xf\‘l‘:l =0.35
and Xf\‘fzel = 0.50, respectively. For the same mole fraction in the
fuel mixture, dilution with N, has a smaller effect on the OH* and
CH* chemiluminescence intensities than dilution with CO,.

The black, blue, and red solid lines in Fig. 12 show the com-
puted intensities from CO,*, OH*, and CH*, respectively. The CO,*
chemiluminescence intensity plotted here is calculated with the
simplified model described in Table 3, row 4. Simulations re-
produce well experiments for the OH* signal for both CO,- and

N,-diluted mixtures. Measurements corrected for the CO,* back-
ground emission intensity however only barely reduce relative dif-
ferences that are limited to 3%.

In the case of CO,-diluted flames, differences between measure-
ments and predictions are more important in Fig. 12 (top) for the
CH* emission intensity, with a mean difference of 7%. However,
this difference barely exceeds experimental uncertainties. Simula-
tions yield a better match with CH* experimental data that are not
corrected for the CO,* background emission. This may be due to
the relatively low ratio between the CH* signal and the CO,* back-
ground intensity leading to large uncertainties in the corrected CH*
chemiluminescence intensities (see Figs. 7 and 8). For N,-diluted
flames shown in Fig. 12 bottom, simulations reproduce well mea-
surements for the three radicals and over the whole range of dilu-
tion explored. The mean relative difference between measurements
and simulations only reaches 2%, 5%, and 6% for OH*, CO,*, and
CH*, respectively.

For most of the operating conditions, the detailed chemistry
mechanisms for OH* and CH*, as well as the simplified model to
compute the CO,* intensity, yield good results. It is also worth not-
ing that the subtraction of the CO,* background intensity has only
a weak influence on the integrated results shown in Fig. 12. This
is attributed to the comparable influence of dilution on the three
excited radicals emission intensities. Their intensity decreases at
about the same proportion when the diluent concentration in-
creases, especially for N,-diluted flames.

3.5. Analysis of OH*, CH*, and CO,* intensity ratios

In many applications, the flame surface area is not known and
is difficult to measure. This is the case for turbulent flames where
the reaction layer has a 3-D structure and fluctuates with time.
In such cases, it is difficult to normalize the measured chemilu-
minescence intensities by the flame surface area. Comparison be-
tween measured intensities and 1-D simulations is then more dif-
ficult. Consequently, chemiluminescence intensity ratios between
different couples of excited radicals are often examined because
they allow to remove the contribution of the flame surface area
[11,14,16,18-20]. Effects of CO, and N, dilutions on these ratios are
examined here.

Figure 13 shows the measured OH*/CH* (black circle), OH*/CO,*
(red squares), and CH*/CO,* (blue triangles) intensity ratios as a
function of the diluent mole fraction in the fuel, after the contri-
bution of the CO,* background has been removed using the spec-
trometer experiments. Results are presented for CO,-diluted (top)
and N,-diluted (bottom) flames and are normalized by the value
obtained for the undiluted case. The experimental data feature
larger error bars than in the previous figures due to the cumulative
relative errors on the numerator and denominator of the intensity
ratios. Error bars are only plotted in this figure for three operating
conditions to illustrate the confidence range.

When dilution is made with CO, (Fig. 13 top), these three
intensity ratios decrease when the mole fraction of CO, in the
fuel increases. For example, the measured OH*/CO,* intensity ra-
tio drops by nearly 30% for X%ezl =0.35. The decay rate of two
other intensity couples OH*/CH* and CH*/CO,* with CO, dilution
is the same and takes a lower value than for the OH*/CO,* couple.
When dilution is made with N, (Fig. 13 bottom), these chemilumi-
nescence intensity ratios remain roughly constant within the con-
fidence interval when the diluent concentration is increased. All
of these features are also well captured by the simulations both
for N,- and CO,-diluted flames, except for large N, concentrations
X! > 0.40.

These results indicate that after careful calibration, monitor-
ing the OH*/CO,* chemiluminescence intensity ratio may allow in-
ferring the CO, diluent concentration in lean CH4/CO,/air flames.
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Fig. 13. Measured (symbols) and computed (lines) normalized OH*/CH* (black),
OH*/CO,* (red), and CH*/CO,* (blue) intensity ratios as a function of the diluent
mole fraction in the combustible mixture for CHy/air/diluent mixtures at a fixed
equivalence ratio ¢ = 0.85. Diluent is CO, (top) or N, (bottom). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

However, this technique cannot be used for N,-diluted CHy/air
flames.

3.6. Analysis of dilution effects at a fixed adiabatic flame temperature

So far the chemiluminescence data for CH4 fuel blends diluted
with N, or CO, was examined at a fixed equivalence ratio ¢ =
0.85. The influence of dilution on the chemiluminescence inten-
sities for mixtures diluted at a fixed adiabatic flame temperature
T,a = 2071 K (see Table 2) is now examined. Figure 14 top plots
the measured CO,* (black triangles), OH* (blue circles), and CH*
(red squares) chemiluminescence intensities as a function of the
CO, mole fraction in the fuel blend. Results are normalized by the
value obtained for the undiluted flame. Hollow and solid symbols
stand for the chemiluminescence intensities measured by the ICCD
camera and the spectrometer, respectively.

Here again, the OH* chemiluminescence intensity decreases
regularly with the CO, dilution ratio. The OH* intensity drops by
approximately 40% at Xg‘gzl = 0.40. The CH* emission intensity re-
mains roughly constant even for large CO, concentrations while
the CO,* chemiluminescence intensity slightly increases with di-
lution. For example, the CO,* intensity increases by approximately
10% at Xg‘gzl = 0.40 with respect to the signal measured for the

undiluted flame. This weak effect of dilution on the CH* intensity
is due to the increase of the equivalence ratio [16] needed to ob-
tain a diluted mixture featuring the same adiabatic flame temper-
ature as a less diluted one. This slight increase of the equivalence
ratio compensates the influence of dilution (see Fig. 12). Except for
CO,* and large diluent concentrations, the simulations (solid lines)
reproduce well measurements (symbols) in Fig. 14 top. The mean
relative difference between measurements and simulations reaches
6% for OH* and 4% for CH*. Simulations however largely overesti-
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Fig. 14. Measured (symbols) and computed (lines) normalized chemiluminescence
intensities of OH* (blue), CH* (red), and CO,* (black) radicals as a function of the
diluent mole fraction in the fuel when dilution is realized at a fixed adiabatic flame
temperature T,y = 2071 K. Hollow and solid symbols stand for ICCD camera and
spectrometer measurements, respectively. Diluent is CO, (top) or N, (bottom). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

mate the increase of the CO,* emission intensity. Because dilution
has here an opposite effect on the OH* and CO,* intensities, cor-
rection of the OH* chemiluminescence intensity by the CO,* back-
ground intensity now has a larger influence on the results than for
experiments conducted at a fixed equivalence ratio ¢ = 0.85.

When N, is used to dilute the flames, the CO,* intensity re-
mains roughly constant, the CH* emission level slightly increases,
and the OH* intensity decreases when the concentration of N, in-
creases. However, effects of N, dilution remain always weak, with
variations limited to +15% for large diluent concentrations. Simu-
lations better reproduce experiments than for CO,-diluted flames
with a mean relative difference reaching 2%, 5%, and 4% for OH*,
CO,*, and CH*, respectively. The detailed chemistry mechanisms
for OH* and CH* and the simplified model for the CO,* intensity
yield overall good results when dilution is made at a fixed adia-
batic flame temperature. Independently of the excited radical con-
sidered and the diluent nature, the decay of chemiluminescence
intensities observed in Fig. 12 when dilution is made at a con-
stant equivalence ratio is attenuated or even canceled-out when
the adiabatic flame temperature is kept constant during dilution
(see Fig. 14). From that, it is concluded that the temperature re-
duction induced by dilution at a fixed equivalence ratio is a main
contributor to the reduced chemiluminescence intensities observed
in Fig. 12. A rough analysis of the reaction paths leading to the for-
mation of excited radicals also points in this direction. For exam-
ple, Eq. (5) shows that decreasing the temperature decreases the
reaction rate of the overall reaction producing CO,* chemilumines-
cence. Similarly, the concentration of CO and O generally increases
with temperature.

Although the influence of dilution with N, or CO, on excited
radicals emissions is studied here, one must be careful when ap-
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Fig. 15. Measured (symbols) and computed (lines) normalized OH*/CH* (black),
OH*/CO,* (red), and CH*/CO,* (blue) intensity ratios as a function of the diluent
mole fraction in the fuel when dilution is realized at a fixed adiabatic flame tem-
perature T,y = 2071 K. Diluent is CO, (top) or N, (bottom). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

plying these results to systems such as internal engines with ex-
haust gas recirculation (EGR). Indeed, the flue gases recirculating
in such systems are generally not cooled to a near ambient tem-
perature before injection and are therefore carrying residual en-
thalpy. After mixing with reactants, the blend temperature is likely
to be higher than the temperature with cold diluents, which, as
described in the previous paragraph, would most probably benefit
excited radicals emissions. In addition, recirculating exhaust gases
contain vapor water, whose influence on excited radicals emissions
is not studied here.

Taking the sensitivity of chemiluminescence emissions to tem-
perature at face value, additional 1-D FPF simulations that account
for heat-losses through thermal radiation are now conducted. A
built-in radiation model is used with an optically-thin approxima-
tion and thermal radiation from CO,, H,0, CO, and CHy4 species is
included. For large dilution ratios with CO,, e.g. ngz‘ =0.35, the
peak temperature is reduced by roughly 3% when the radiation
model is activated. In the worst-case scenario, this leads to a re-
duction of less than 2% of the peak and integrated OH*, CH*, and
CO,* chemiluminescence emissions. While non-negligible, the in-
fluence of radiation lies within experimental uncertainties. Inter-
pretation of the results presented in this study is therefore inde-
pendent of whether or not radiation is accounted for.

Figure 15 plots the measured OH*/CH* (black circle), OH*/CO,*
(red squares), and CH*/CO,* (blue triangles) intensity ratios as a
function of the diluent mole fraction in the fuel for mixtures fea-
turing the same adiabatic flame temperature T,; = 2071 K. Results
are here again presented for CO,-diluted flames at the top and
N,-diluted flames at the bottom and are normalized by the value
obtained for the undiluted case. As for dilution at a fixed equiva-
lence ratio ¢ = 0.85, the three intensity ratios decrease when the

mole fraction of CO, in the fuel increases. The measured OH*/CO,*
intensity ratio drops by more than 40% for XE”O"'ZI = 0.40. This be-
havior is also well reproduced by the simulations. This behavior
confirms that the OH*/CO,* chemiluminescence intensity ratio is a
good indicator to infer the CO, diluent concentration. Results for
the CH*/CO,* and OH*/CH* couples feature a lower SNR with a
larger dispersion of the measurements. Simulations only capture
the general trend for these couples.

In contrast to dilution experiments conducted at a fixed equiv-
alence ratio, dilution by N, at a fixed adiabatic flame temperature
has a slight influence on the OH*/CH* and CH*/CO,* chemilumi-
nescence intensity ratios. The OH*/CO,* ratio slightly decreases at
large N, dilution concentrations. The OH*/CH* ratio drops by ap-
proximately 20% for X{\‘fzel = 0.55 and the CH*/CO,* ratio increases
by more than 20% for the same N, diluent concentration. These be-
haviors are relatively well reproduced by the simulations, but the
sensitivity of these intensity ratios with respect to dilution remains
weak. These indicators cannot be used for sensing N, dilution.

4. Conclusion

A combined experimental and numerical analysis was carried
out to investigate the OH*, CH*, and CO,* chemiluminescence sig-
nals in CO,- and N,-diluted CHy/air laminar flames. The main con-
clusions are:

« For mixtures diluted at a fixed equivalence ratio ¢ = 0.85, the
chemiluminescence intensities from OH* near 307 nm, CH*
near 430 nm, and CO,* near 455 nm regularly decrease with
increasing the diluent concentration. For N,-diluted flames, the
three signals OH*, CH*, and CO,* collapse on the same curve
when they are normalized by the signal intensity of the undi-
luted case. For CO,-diluted flames, the decay rate differs be-
tween the OH*, CH*, and CO,* signals. The relative OH* inten-
sity decreases the fastest, then the CH*, and then CO,* signals
when the CO, concentration in the fuel blend is increased.
The Lindstedt detailed chemistry mechanism [49] extended
with sub-mechanisms for the chemistry of OH* and CH*
[26] allows to simulate accurately effects of N, and CO, dilu-
tion on OH* and CH* concentrations. Agreement between ex-
periments and simulations is excellent for OH*, with relative
differences smaller than 3% and lying within experimental un-
certainties, except for dilution with CO, at a fixed adiabatic
flame temperature where relative differences reach 6%. Differ-
ences between simulations and measurements slightly increase
for CH* but agreement remains good.

Because CO,* is mainly produced by a reaction between O and
CO species, a model for the CO,* chemiluminescence intensity
that does not account for the complex chemistry of CO,* was
used in the simulations. Agreement between CO,* chemilu-
minescence intensity measurements and calculations with this
simplified method is overall good. The largest differences are
found for large CO, diluent concentrations when ngl > 0.30.

Correction for the CO,* background emission barely alters the
measured signal intensity near 307 nm because the contribu-
tion of the broadband chemiluminescence from CO,* remains
low within the 10 nm bandpass filter centered at 307 nm that
is used to examine the OH* emission. Secondly, N, and CO,
dilutions have similar effects on OH* and CO,* chemilumines-
cence signals, reducing the detrimental impact of collecting a
fraction of light emitted from CO,* when examining the OH*
signal around 307 nm.

The influence of the CO,* background emission needs how-
ever to be considered when the CH* emission intensity around
430 nm is investigated. The relatively low CH* signal with re-



spect to the CO,* background emission leads to larger impreci-
sions for estimates of the CH* intensity.

The ratio between the OH* and CO,* emission intensities
rapidly decreases for CO,-diluted fuel blends. This combination
leads to the largest rate of decrease of the signal as the CO,
concentration increases. These results indicate that monitoring
the OH*/CO,* intensity ratio may be used, with careful initial
calibration, to infer the CO, concentration in lean CO,-diluted
CHy/air flames.

Dilution with N, barely changes the OH*/CO,* intensity ratio.
This ratio cannot be envisaged to infer the N, concentration.
Results are unchanged if radiative heat losses are taken into ac-
count in 1-D FPF simulations.
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